Abstract. The purpose of this study was to extend the concept of weighted CT dose index (CTDI w ) to the elliptical phantoms. Based on the published body dimension data, eight body aspect ratios were chosen between 1 (perfectly circular) and 1.72 (extremely elliptical). For each aspect ratio, two elliptical cylinders were created digitally to represent adult and pediatric bodies. Their cross-sectional areas were identical to the standard 32-and 16-cm CTDI phantoms. For each phantom, CTDI 100 at center and periphery were simulated for tube voltages between 70 and 140 kVp using a validated Monte Carlo program. The simulations also provided the average dose over the cross-sectional area, CTDI xsec . Values of CTDI xsec and CTDI 100 allowed linear systems of equations to be established, from which central and peripheral weighting coefficients were solved. Regardless of phantom shape, only two weighting coefficients were needed: w 1 for the central CTDI 100 and w 2 for the average of the four peripheral CTDI 100 's. Over the full range of aspect ratios, w 1 increased linearly from 0.37 to 0.46, whereas w 2 decreased linearly from 0.63 to 0.54, allowing the concept of CTDI w to be readily extended to the elliptical phantoms. When cross-sectional area (hence volume) was kept constant, all phantoms had the same CTDI xsec regardless of shape.
Introduction
Currently, the standard CT dose index (CTDI) phantoms are perfectly circular cylinders. Lately, the elliptical cylinders have been proposed as a potential alternative because they represent the shapes of the human body better, which further permits the evaluation of automatic tube current modulation systems.
1,2 The elliptical shape, however, calls for a new definition of weighted CTDI (CTDI w ). CTDI w is intended to represent the planar average dose, i.e., the average dose over the cross-sectional area (at the midplane of a large scan volume). In its current definition E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 2 7 7 CTDI w ¼ 1 3 CTDI 100;center þ 2 3 CTDI 100;periphery ;
the 1∕3 and 2∕3 weight coefficients approximate to the relative areas represented by the central and peripheral values. 3 In other words, it is assumed that a 1∕3 of the circular area receives a dose that can be approximated by CTDI 100;center , whereas 2∕3 of the circular areas receives a dose that can be approximated by CTDI 100;periphery . Because an elliptical phantom has two peripheral values (Fig. 1) , it is natural to ask how they should be combined with the central value to calculate CTDI w so that this concept still approximates to the planar average dose. Furthermore, it is natural to ask whether the weighing coefficients should be different for elliptical phantoms of different aspect ratios (the ratio of major axis to minor axis). The goal of this study was to answer these questions. Toward this goal, we performed a Monte Carlo study using elliptical phantoms of various aspect ratios created digitally.
Methods

Clinical Relevant Range of Body Aspect Ratios
Body dimensions of adults and children are available in the literature in the form of anteroposterior (AP) and lateral (LAT) thicknesses. Kleinman et al. 4 measured AP and LAT thicknesses of children from clinical chest, abdomen, and pelvis CT images. From their published data, body aspect ratios were calculated and plotted as a function of pediatric age [ Fig. 2(a) ]. Similarly, Ogden et al. 5 measured AP and LAT thicknesses of adult and pediatric patients from clinical chest and abdomen CT scans. Their study provided equations of AP and LAT thicknesses as functions of body weight, which allowed the aspect ratio to be established as a function of weight [ Fig. 2(b) ]. For the abdomen region only, AAPM Report No. 204 provides equations of effective diameter ( ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi AP × LAT p ) as a function of AP and LAT thicknesses. 6 From these equations, the aspect ratio as a function of effective diameter was obtained [ Fig. 2(c) ]. Body aspect ratios were also calculated for the widely used pediatric and adult mathematical anthropomorphic phantoms developed at Oak Ridge National Laboratory (ORNL). 7, 8 The trunk of each ORNL phantom is an elliptical cylinder with chest, abdomen, and pelvis regions having the same elliptical shape. The body aspect ratio was calculated from the AP and LAT thicknesses of this elliptical cylinder and plotted as a function of phantom age [ Fig. 2(a) ], where the adult anthropomorphic phantom was given an age of 20. These data suggested a maximum body aspect ratio of 1.72.
Elliptical Phantoms of Various Aspect Ratios
With the data in Fig. 2 as guidance, 16 elliptical phantoms were designed with aspect ratios ranging from 1 to 1.72 (Fig. 3) . Eight of the phantoms represented adult body. All of them had the same cross-sectional area (and volume) as the standard 32-cmdiameter circular CTDI phantom. Each adult body phantom had a corresponding pediatric body phantom. All the pediatric phantoms had the same cross-sectional area (and volume) as the standard 16-cm-diameter circular CTDI phantom. The dimensions of the 16 phantoms are summarized in Table 1 .
To enable the simulation of CTDI using a Monte Carlo program, a voxelized model was created for each phantom using an interactive program (MATLAB ® , R2011b; Mathworks, Natick, Massachusetts). The voxelized model consisted of seven objects (Fig. 4) : five rods, 100-mm long and 8 mm in diameter, to represent the air cavity of the pencil ion chamber when placed at the central and peripheral hole locations, the middle 100-mmlong region of the phantom (dark region in Fig. 4) , and the rest of the phantom. The center of each peripheral hole was 1 cm below the phantom surface to emulate the rod locations in a standard circular CTDI phantom.
Monte Carlo Simulations of CTDI 100 and Its
Planar Average CTDI simulations were performed using a Monte Carlo program previously developed and validated for a 128-slice CT system (SOMATOM Definition Flash, Siemens Healthcare, Forchheim, Germany). [9] [10] [11] [12] The program is based on a benchmarked Monte Carlo subroutine package for photon, electron, and positron transport (PENELOPE, version 2006, Universitat de Barcelona, Spain). 13, 14 It explicitly models the geometry of the CT system and the trajectory of the x-ray source during a CT scan. The xray energy spectra and the photon path lengths through the bowtie filter were provided by the manufacturer. Assuming a point source, the program uses an effective beam width to account for the dose delivered by both the umbra and the penumbra regions of the beam. The effect of bowtie filter attenuation is modeled by varying the statistical weight of each simulated photon based on its energy and its path lengths in the bowtie filter materials.
For each adult and pediatric phantom, single axial scans were simulated for five tube voltage settings (70, 80, 100, 120, and 140 kVp) using the widest beam collimation of 38.4 mm and the standard bowtie filter for body imaging. We assumed each phantom to be perfectly aligned at the isocenter of the scanner. The attenuation provided by the patient table was ignored.
During each simulation, all seven objects in a phantom (Fig. 4) were assumed to be made of polymethyl methacrylate (PMMA). For the photon energies encountered in CT, the ranges of secondary electrons in PMMA are much smaller than the dimensions of the seven objects. Therefore, secondary electrons were not transported; their energies were deposited locally immediately after they were produced. Photon cutoff energy was set to 1∕1000 of the maximum photon energy (i.e., the kVp energy) per recommendation by the PENELOPE code package. 15 Each simulation used five hundred million (5 × 10 8 ) photon histories, yielding relative dose errors of less than 0.5% for all seven objects.
To obtain CTDI 100 at each hole location, a conversion from PMMA dose to air dose was first performed. Specifically, the dose received by the 100-mm-long PMMA rod was used to calculate the dose received by the air cavity of the pencil ion chamber using the ratio of the mass energy absorption coefficients E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ;
In Eq. (2), ΨðEÞ is the spectrum of photon energy fluence in the 100-mm-long PMMA rod tallied during the Monte Carlo simulation, and ð μ en ρ Þ is the material-and energy-specific mass energy absorption coefficient published on the website of the National Institute of Standards and Technology. CTDI 100 was subsequently calculated based on its definition as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 1 0 8 CTDI 100 ¼
where nT denotes the nominal collimation of the beam. This approach to simulating and calculating CTDI 100 was also used in an earlier study, 12 which found good agreement between simulations and measurements.
In addition to CTDI 100 at individual hole locations, the planar average CTDI 100 (i.e., an average over the cross-sectional area of the phantom), denoted as CTDI xsec , was also calculated using Eqs. (2) and (3) based on the dose and photon spectrum simulated for the middle 100-mm-long region of the phantom (dark region in Fig. 4 ). As mentioned in Sec. 1, this planar average dose is the quantity that CTDI w is intended to represent.
Definition of CTDI w for Elliptical Phantoms
In keeping with the traditional definition of CTDI w for circular phantoms, we considered the following definition for elliptical phantoms:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 5 6 8
where w 1 is the weighting coefficient for the central hole and w 2 is the weighting coefficient for the average of the four peripheral holes. At each kVp and for each aspect ratio, w 1 and w 2 were obtained by solving the following pair of linear equations:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 4 9 3
where CTDI adult i and CTDI ped i ði ¼ xsec; c; pÞ are Monte Carlo simulated CTDI 100 values for the adult and pediatric phantoms, respectively. The weighting coefficients were solved from Eq. (5) using the linsolve command of MATLAB ® (R2011b; Mathworks, Natick, Massachusetts).
In addition to Eqs. (4) and (5), we also examined an alternative definition and an alternative method for solving the weighting coefficients. These are discussed in the Appendix.
Results and Discussion
Sample Values of CTDI 100 and CTDI xsec
As examples of the Monte Carlo simulation results, Tables 2-4 summarized CTDI 100 and CTDI xsec for aspect ratios 1, 1.4, and 1.72. Regardless of phantom shape, the average peripheryto-center CTDI 100 ratios (denoted as hCTDI p i∕CTDI c ) were around 2 for the adult phantoms and around 1 for the pediatric phantoms. As the aspect ratio increased, hCTDI p;minor i differed more from hCTDI p;major i as one would expect; however, the average of the four peripheral values differed less from the central value as reflected in the decreased hCTDI p i∕CTDI c with an increasing aspect ratio. hCTDI p i∕CTDI c also decreased with increasing kVp, consistent with the fact that a higher energy beam produces more uniform dose distribution. 12 Table 5 summarizes the solutions to Eq. (5) for various kVp and aspect ratios. Although Eq. (5) was solved without the constraint of w 1 þ w 2 ¼ 1, the two coefficients summed up to be ∼1 for all combinations of kVp and aspect ratio. This is consistent with the physical meaning of these two weighting coefficients: they approximate to the relative areas represented by the central and peripheral CTDI measurements. In other words, a fraction (w 1 ) 156 mm 100 mm of the cross-sectional area receives a dose that can be approximated by the central measurement, whereas the rest (w 2 ) receives a dose that can be approximated by the average of the four peripheral measurements.
Definition of CTDI w for Elliptical Phantoms
At a given kVp, w 1 increased with an increasing aspect ratio. Correspondingly, w 2 decreased with an increasing aspect ratio. This indicated that as the phantom became more elliptical, a larger percentage of the area received a dose that could be approximated by the central CTDI 100 .
For a given aspect ratio, w 1 decreased with increasing kVp. Correspondingly, w 2 increased with increasing kVp. In general, the variability across kVp settings was small (coefficient of variation: 2% to 5%). Figure 5 shows the kVp-averaged w 1 and w 2 versus the aspect ratio. Both relationships fitted well to a straight line. At an aspect ratio of one, the kVp-averaged w 1 and w 2 were 0.37 and 0.63, respectively. They agreed reasonably well with the conventional weighting coefficients of 1∕3 and 2∕3 for circular phantoms. As the phantom became more elliptical, the weighting for the central hole (w 1 ) increased linearly from 0.37 to 0.46, whereas the weighting for peripheral holes (w 2 ) decreased linearly from 0.63 to 0.54. These results suggest that Eq. (4) can serve as the definition of CTDI w for both circular and elliptical phantoms as long as the weighting coefficients are adjusted based on the aspect ratio.
CTDI xsec
Another interesting finding of this study was in regard to the planar average CTDI 100 (denoted as CTDI xsec ). For both the adult and the pediatric phantoms, CTDI xsec was independent of the aspect ratio (Fig. 6) . In other words, when the cross-sectional area (and hence volume) was kept the same, all the phantoms had the same cross-sectional average dose regardless of how elliptical they were. This result indicates that for the purpose of assessing the planar average dose, which is what the commonly used concepts of volume-weighted CTDI (CTDI vol ) and sizespecific dose estimate (SSDE) 6 represent, circular phantoms are sufficient despite the fact that they do not represent the shapes of the human body well.
Implications for CT Dosimetry
The results of our study have two implications for CT dosimetry:
1. For the sole purpose of accessing the cross-sectional average dose, the traditional circular CTDI phantoms are sufficient and elliptical CTDI phantoms are not necessary. However, the latter is advantageous in that it also permits the evaluation of tube current modulation systems. When using elliptical phantoms, one can still obtain CTDI w , in its traditional meaning of a cross-sectional average dose, by combining central and peripheral measurements using shape appropriate weighting coefficients.
2. Because SSDE represents the dose received by a water cylinder having the same diameter as the diameter of the patient's body, 6 SSDE is a reasonable representation of the cross-sectional average dose received by the patient in the midplane (z ¼ 0) of the scan volume, even if the patient has a very elliptical body shape.
Limitations and Caveat
First, our study is limited to a single CT system and a single bowtie filter setting. For other CT systems and bowtie filter properties, the x-ray energy spectra reaching the phantoms would differ. However, considering that w 1 and w 2 did not vary substantially across the broad range of kVp settings investigated in this study (Table 5 , last column), we do not expect their values to differ substantially for other CT systems and bowtie filter properties. Second, our study is theoretical in nature. Its results may be further corroborated in an experimental study involving physical elliptical phantoms having the same cross-sectional areas as the standard circular CTDI phantoms. Gafchromic films may be used to measure the cross-sectional average dose and to verify if this quantity is independent of the aspect ratio. The aspect ratio-specific weighting coefficients in Table 5 can also be applied to CTDI measurements made in elliptical phantoms to verify the CTDI w definition [Eq. (4)].
Third, the weighting coefficients published in this study (Table 5 ) only apply to the concept of CTDI 100 . These weighting coefficients may not apply to the new dosimetry quantities proposed by AAPM Task Group 111 to replace CTDI 100 .
2 A separate study is warranted.
It should be noted that although elliptical phantoms can be used to test the functionality of tube current modulation systems, the concept of CTDI w and hence Eq. (4) only apply to fixed tube current scanning mode, which is the scanning mode of choice for all CT quality assurance tests required by the American College of Radiology. For tube current modulated scans, alternative dose metrics should be considered. 16 ,17
Conclusion
The concept of CTDI w can be readily extended to elliptical phantoms if the 1∕3 and 2∕3 weighting coefficients are replaced with linear functions of elliptical aspect ratio. For the purpose of assessing the planar average dose, which is what the commonly used concepts of CTDI vol and SSDE represent, circular phantoms are sufficient, despite the fact that they do not represent the shapes of the human body well.
Appendix: Alternative Definition and Method
In addition to the definition in Eq. (4), we also considered an alternative definition that involved three weighting coefficients, w 1 for the central hole, w 2 for the average of the two holes along the minor axis, and w 3 for the average of the two holes along the major axis: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 3 5 1 CTDI w ¼ w 1 · CTDI c þw 2 · hCTDI p;minor iþw 3 · hCTDI p;major i:
At each kVp and for each aspect ratio, w 1 , w 2 , and w 3 were obtained by solving the following set of three linear equations:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 2 6 9 8 < :
where CTDI adult i and CTDI ped i ði ¼ xsec; c; pÞ are simulated CTDI 100 values for the adult and pediatric phantoms, respectively. Table 6 summarizes the solutions to Eq. (7) for various kVp and aspect ratios. At 70 kVp and an aspect ratio of 1.1, we obtained a negative w 3 value. As the phantom became more circular with a reduced aspect ratio, one would expect a closer match between w 2 and w 3 . However, the solutions of the linear equations showed otherwise (Fig. 7) . These results indicate that Eq. (7) does not have physically meaningful solutions.
Even for the definition in Eq. (4), we obtained negative weighting coefficients when attempting to solve the following pairs of linear equations: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 3 2 6 ; 2 0 7
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 3 2 6 ; 1 7 2
In summary, one cannot find physically meaningful weighting coefficients that add up to be exactly 1. Understandably, the traditional 1∕3 and 2∕3 weighting coefficients are only approximations. It is quite possible that if simulation data are generated for another phantom size (e.g., CTDI phantoms with an equivalent diameter of 24 cm), then another equation can be used together with the first two equations in Eq. (7) to obtain meaningful solutions. Nevertheless, the definition in Eq. (4) would still be preferred given its simplicity and practicality. Fig. 7 Weighting coefficients in the alternative definition, CTDI w ¼ w 1 · CTDI c þ w 2 · hCTDI p;minor i þ w 3 · hCTDI p;major i, as a function of the aspect ratio. Each data point represents an average over five kVp settings. The error bar reflects one standard deviation across the five kVps settings. The curves are second-order polynomial fits to the data. 
